The adsorption of carbofuran in aqueous surfactant-free and surfactant (cationic, non-ionic and anionic) solutions of different micellar concentration (½ × CMC, CMC and 2 × CMC) on three different types of Indian soil has been studied using the batch shaking technique. The measured equilibrium adsorption isotherms for the surfactant-free and surfactant/soil/water systems at different critical micellar concentrations were S-shaped and in close agreement to the Freundlich isotherms. Higher adsorption of carbofuran in both systems was observed on silt loam soil followed by loam and sandy soils, and was anticipated by the values obtained for the Freundlich constant, K F , and the partition coefficient, K D . The values of K F and K D obtained also confirmed that the adsorption of carbofuran in aqueous surfactant solutions followed the order cationic > nonionic > anionic at all the CMC values studied. The affinity of carbofuran towards organic matter and the clay content of the soils was evaluated by calculating the K om and K c values, when it was found that carbofuran adsorption was better correlated with the clay content than with the organic matter content. The predicted log K om values were also obtained from the aqueous solubility, 1-octanol/water partition coefficient (K ow ), adsorbability index (Al) and first-order molecular connectivity index ( 1 c) of carbofuran. Use of the aqueous solubility and the 1-octanol/water partition coefficient of carbofuran to predict the adsorption gave values with a considerable error in comparison with those measured experimentally, whereas the use of the absorbability index and first-order molecular connectivity index for carbofuran improved the predictions considerably. The results obtained are interesting in that they afford basic data relating to the possible use of surfactants for solving problems of soil contamination by carbofuran.
INTRODUCTION
Environmental pollution has become a major issue in agriculture during the past several years because the increased use of pesticides has led to a greater emphasis on serious environmental contamination. The frequent detection of pesticides in surface and ground water (Spalding et al. 1980; Peoples et al. 1980; Rothschild et al. 1982; Weaver et al. 1983; Cohen et al. 1984) has increased interest in studies of pesticide adsorption by soils. Adsorption is one of the most important processes affecting the mobility, persistence, bioactivity, toxicity and efficacy of pesticides in the soil environment. The literature on this topic has been reviewed by Bailey and White (1970) and by Cheng (1989) . Most of the existing data on carbofuran adsorption on soils relate to aqueous solutions (Felsot and Wilson 1980; Garg and Agnihotri 1984; Singh et al. 1985) . Recently, Singh (1996) has studied the effect of organic cosolvent on the adsorption of cypermethrin on soils and applied the cosolvent theory proposed by Rao et al. (1985) on the basis that in the natural environment it is likely that, in waste disposal and land-treatment sites, the waste water contains a large quantity of various organic solvents. However, there are very few references in the literature to the effect of surfactants on the adsorption and movement of carbofuran in soils (Sharma et al. 1986; Singh et al. 1994) . Hence, in the present investigation, an attempt has been made to study the adsorption of carbofuran in soils in the presence of aqueous solutions of various surfactants [cetyltrimethylammonium bromide (CTAB), polyoxyethylene sorbitan monolaurate (Tween '20) and sodium dodecyl sulphate (SDS)] at different critical micelle concentrations (½ × CMC, CMC and 2 × CMC) with a view to understanding how the adsorption of carbofuran is altered by the presence of such surfactants when both co-exist in the soil as a result of human activity as well as the possible development of the use of surfactants in solving pollution problems posed by carbofuran in soils.
EXPERIMENTAL

Materials
Soil samples were collected from cultivated fields with no background of pesticide application at a depth of 0-30 cm from the village of Lahrota in Aligarh district, the village of Doiwala and the Forest Research Institute (F.R.I.) farm in Dehradoon district (U.P.) in India. The soils were dried, crushed and sieved, and their physicochemical properties determined by standard techniques. The results obtained are summarised in Table 1. Carbofuran (99% purity; aqueous solubility, 320 mg/l; log K ow = 2.315) was obtained from M/S Rallis Agrochem Station, Bangalore, India. All other chemicals and reagents were obtained from BDH Ltd. and were of AR grade. A stock solution of carbofuran of 200 mg/ml concentration was prepared by dissolving the requisite amount of carbofuran in methanol.
The cationic, non-ionic and anionic surfactants, viz. cetyltrimethylammonium bromide, polyoxyethylene sorbitan monolaurate and sodium dodecyl sulphate, were obtained from Central Drug House Pvt. Ltd., Mumbai, India and their properties are listed in Table 2 . 
Adsorption studies
Batch equilibrium adsorption isotherms of carbofuran on soils in the presence and absence of aqueous solutions of the cationic, non-ionic and anionic surfactants at different critical micelle concentrations (½ × CMC, CMC and 2 × CMC) were performed by taking 10 concentrations of carbofuran (100, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 mg) in 100 ml glass stoppered conical flasks. The volume contained in each flask was made up to 20 ml by the addition of the requisite volume of methanol and surfactant solutions at different CMCs. To these solutions was added 1 g of each soil and the resulting suspensions were maintained at 25ºC for 24 h in an incubator with a shaking period of 3 h. All experiments were conducted in duplicate. Preliminary studies showed that there was no measurable increase in the adsorption of carbofuran by the soils after 24 h either in the presence or absence of the various surfactants at the three CMC values employed. The suspensions were centrifuged at 10 000 rpm for 10 min using a Backman L3-50 model ultracentrifuge and the carbofuran in the supernatant liquid estimated spectrophotometrically (Mithyantha and Perur 1974) . The amount of carbofuran adsorbed was calculated as the difference between the initial carbofuran concentration and the equilibrium concentration according to the expression:
where x/m is the concentration of carbofuran in the soil (mg/g), C 0 is the initial carbofuran concentration (mg/ml), C e is the final (equilibrium) carbofuran concentration (mg/ml), V is the solution volume and W is the weight of soil sample employed.
Evaluation of the adsorbability index (Al) and the first-order molecular connectivity index ( 1 c c c c c) of carbofuran
The adsorbability index (AI) of carbofuran was evaluated from equation (2) by inserting the values of A and I as listed in Table 3 derived from the work of Abe et al. (1986) :
where A and I are the factors for the respective increase and decrease in adsorbability of the atom or functional group in the molecule from aqueous solution on to the various soils studied, the AI value for carbofuran being equal to 4.74.
The first-order molecular connectivity index ( 1 c) for carbofuran was evaluated by substituting the above AI value for carbofuran in the following equation proposed by Okouchi and Saegusa (1989): 
a-amino acids -1.55 cyclo -0.28 a According to Abe et al. (1986) .
RESULTS AND DISCUSSION
The adsorption isotherms for carbofuran on soils in the presence and absence of aqueous solutions of the surfactants studied are depicted in Figures 1-3 . The isotherms all indicate the amount of carbofuran adsorbed per unit mass of solid adsorbent (x/m, mg/g) versus the equilibrium concentration (C e , mg/ml). It is clear from the isotherms that adsorption followed the order silt loam > loam > sandy loam soil in aqueous solution as well as in aqueous surfactant solutions at all CMC values studied. The higher adsorption on silt loam soil may be due to the greater amount of organic matter, clay and calcium carbonate content, the higher surface area and the lower pH value of silt loam soil followed by loam and sandy loam soils (Table 1) . According to the classification of Giles et al. (1960) , the isotherms for both types of systems (i.e. in the absence and presence of surfactant at varying CMC value) are S-shaped, suggesting that the adsorption of carbofuran was enhanced at higher concentrations. The S-shaped isotherms also suggest that the adsorption of carbofuran was probably enhanced by the marked localisation of the attractive forces over the >C=O group in the molecule leading to interaction with adsorption sites on the individual soils.
In all cases, the adsorption data could be described by the empirical Freundlich adsorption equation, i.e. log(x/m) = log K F + 1/n log C e (4)
where K F and 1/n are constants associated with the affinity of the adsorbent for the adsorbate and to the degree of curvature of the isotherms, respectively. The dimensions of K F are mg 1-1/n ml 1/n-1 /g while 1/n is dimensionless. In general, the values of the correlation coefficient, R 2 , were greater than 0.96. The values of 1/n were close to unity in surfactant-free systems and in the presence of the cationic surfactant at all CMC values studied, 1/n was greater than unity for the anionic surfactant at all CMC values, while for aqueous solutions of the non-ionic surfactant, 1/n was greater than unity at the CMC value and at 2 × CMC (see Table 4 ). Thus, in addition to the Freundlich constant, K F , it was considered appropriate to use the distribution coefficient, K D , as a measure of the soil adsorption capacity because it represents the relationship between the concentration of carbofuran in the soil and that at equilibrium in the solution for a given equilibrium concentration. From the adsorption data, the statistical average of the distribution coefficient, K D , for each soil in the presence and absence of aqueous solutions of the surfactants at different CMC values was calculated from the relationship:
The values of K F , 1/n, R 2 and K D thus evaluated are listed in Table 4 .
On examination of these data, it is seen that higher values of K F and K D were observed for silt loam soil, followed by the loam and sandy loam soils. This confirms the order of carbofuran adsorption in both aqueous surfactant-free and surfactant-containing systems (Figures 1-3) . The values of K F and K D also confirm that the adsorption of carbofuran on all three soils studied was greater in the presence of the cationic surfactant, followed by the non-ionic and anionic surfactants at all CMC values.
Effect of the cationic surfactant (CTAB)
The higher value of the Freundlich constant, K F , and of the distribution coefficient, K D , for carbofuran at ½ × CMC compared to the corresponding values in a surfactant-free system for all three soils demonstrates that the adsorption of carbofuran increased at this CMC value. This increase of both constants must be due to increased adsorption because CTAB is cationic in nature and adsorbed (cation-exchanged) by soils in the form of hemimicelles/admicelles (West and Harwell 1992) . However, in aqueous surfactant concntration corresponding to CMC and 2 × CMC, the observed values of K F and K D were decreased markedly (Table 4) for all the soils, indicating that the adsorption of carbofuran decreased with respect to the surfactant-free system (Figure 1 ). This decrease may be due to adsorption of the carbofuran by the CTAB micelles present in the solution phase, leading to a net increase in the carbofuran concentration in the solution phase. Such results are in accordance with the work of Iglesias-Jimenez et al. (1996) who studied the effect of surfactants on the adsorption of diazinon, atrazine, ethofumesate and acephate in a soil. The increase in the values of log K om for carbofuran in an aqueous phase containing CTAB at ½ × CMC concentration and a decrease in the corresponding values at CMC and 2 × CMC for the same surfactant relative to the situation with a surfactant-free system for all three soils may be due to the increased adsorption of carbofuran by soil-bound surfactant and the solubilisation of carbofuran at the CMC and 2 × CMC value, respectively. Similar results were reported by Kile and Chiou (1989) in their studies of the water solubility enhancement of DDT and trichlorobenzene by some surfactants both below and above the critical micelle concentration. Figure 2 presents the effect of the non-ionic surfactant Tween '20 at different aqueous concentrations on the adsorption of carbofuran on the soils studied. At low aqueous concentration (½ × CMC), the presence of Tween '20 led to increased K F and K D values relative to the surfactant-free system thereby indicating an increase in adsorption, whilst in the presence of aqueous solutions of the same surfactant at CMC and 2 × CMC values a significant decrease in the values of K F and K D was observed indicating decreased adsorption (Table 4 ). The increase in carbofuran adsorption at low CMC values may be due to dispersion of the soil particles which leads to an increase in the number of adsorption sites available. The decrease in adsorption of Tween '20 at CMC and 2 × CMC values in aqueous solution may be partly due to the initial occupation of the soil adsorption sites by the Tween '20 molecules, partly due to the higher Tween '20 concentrations in the system and partly due to the replacement of carbofuran molecules adsorbed on the soil surfaces by surfactant micelles. Carbofuran molecules would also be incorporated into micelles present in the aqueous phase, thereby leading to a decrease in the number of carbofuran molecules available for adsorption. Similar results have been reported by a number of other workers (Huggenberger et al. 1973; Aronstein et al. 1991; Sun et al. 1995) in studies of the effect of non-ionic surfactants on the adsorption, desorption, mobility and biodegradation of hydrophobic organic compounds in soil. The decrease in the log K om values observed for carbofuran adsorption at the CMC and 2 × CMC values relative to surfactant-free systems for the soils studied may be due to the formation of aqueous surfactant micelles which compete effectively with the solid phase as an adsorptive medium for poorly water-soluble organic compounds or to the enhancement of solubilisation at these surfactant concentrations, while the slight increase in the log K om values observed at ½ × CMC for aqueous solutions of Tween '20 may be due to the adsorption of carbofuran by the soil-bound surfactant phase. The results obtained in this work are in accordance with the observations of Sun et al. (1995) on the sorption of non-ionic organic compounds in soil-water systems in the presence of micelle-forming surfactants. Figure 3 depicts the effect of aqueous solutions containing the anionic surfactant at concentrations equal to ½ × CMC, CMC and 2 × CMC on the adsorption of carbofuran on the various soils studied. At low concentration (½ × CMC), a slight increase in the values of K F and K D was observed relative to the surfactant-free system, whereas at the CMC and 2 × CMC values a marked decrease in both K F and K D was observed. Such results demonstrate a decrease in adsorption on all three soils studied in the presence of SDS. This decrease may be attributed to several mechanisms such as (i) competition for active hydrophobic adsorption sites on the soil surface between the carbofuran and SDS molecules, (ii) SDS equilibria involving monomers, micelles and hemimicelles/admicelles (monomers adsorbed on the soil surface), (iii) partition of the carbofuran amongst hydrophobic soil adsorption sites, SDS micelles (solubilisation) and organominerals (hemimicelles/admicelles formed on the soil surface) and (iv) interaction between carbofuran molecules and SDS monomers. The results obtained in the present study conform with those of several workers (West and Harwell 1992; Ziqing et al. 1995; Valsaraj and Thibodeaux 1989; Jafvert 1991; Liu et al. 1991 ; Park and Jaffe 1993) who studied the effect of certain anionic surfactants on the adsorption, partitioning and solubilisation of non-ionic organic compounds. The decrease in the values of log K om with increasing SDS concentration with respect to the surfactant-free system for the soils studied (Table 4) suggests that SDS enhanced the solubility of carbofuran in the suspensions studied, with the affinity of carbofuran for the SDS micelles being higher than that for the soils concerned. Similar results were reported by Ziqing et al. (1995) for the effect of linear alkylbenzene sulphonate (LAS) on the adsorption behaviour of phenanthrene on soils.
Effect of the non-ionic surfactant (Tween '20)
Effect of the anionic surfactant (SDS)
The affinity of carbofuran towards organic matter content, K om , and clay content, K c , of the soils was calculated from the equations proposed by Grestl (1984) and later employed by Singh (1996) . The values thus obtained are listed in Table 4 . These important parameters provide an assessment of the environmental fate of organic chemicals. They provide an indication of the extent to which chemical partitioning occurs between the solid and solution phases in the soils and suggest whether the chemical is likely to leach through the soil or be rendered immobile. The affinity of carbofuran towards the organic matter and clay content of the soils may be compared through the use of the K om and K c values. In the present study, sandy loam soil exhibited higher K om values, followed by loam and silt loam soils. This is common for soils with low organic matter content (Table 1) . Hamaker and Thompson (1972) suggested that this tendency was due to the significant contribution made by mineral phases towards adsorption. In the present work, carbofuran adsorption could be correlated better with the clay content of the soils rather than with their organic matter content, despite the fact that the latter is responsible for high K om values. Similar results have been reported by a number of other workers (Wahid and Sethunathan 1978; Singh 1996) .
In addition to experimental determination, several researchers (Kenaga and Goring 1978; Hassette et al. 1980 Hassette et al. , 1981 Brown and Flag 1981; Layman 1990; Sabijic 1987; Meylan et al. 1992; Okouchi and Saegusa 1989) have evaluated the predicted values of log K om for different organic compounds using the following equations: log K om = 3.64 -0.55 log S (Kenaga and Goring 1978) 
log K om = -0.686 log WS + 4.273 (Hassette et al. 1981) 
log K om = 0.937 log K ow -0.006 (Brown and Flag 1981) 
log K om = log K ow -0.317 (Hassette et al. 1980) 
log K om = 0.544 log K ow + 1.377 (Layman 1990) 
where S is the water solubility in mg/ml, WS is the water solubility in mg/l, K ow is the 1-octanol/ water partition coefficient, 1 c is the first-order molecular connectivity index and AI is the adsorbability index for the respective organic compounds studied.
The predicted values of log K om for carbofuran were evaluated by substituting the appropriate values of the above coefficients for carbofuran in equations (6) to (13), the corresponding data being listed in Table 5 . From this table, it will be seen that the predicted log K om values obtained from the aqueous solubility and the 1-octanol/water partition coefficient (K ow ) for carbofuran were considerably in error compared to those measured experimentally. However, when the adsorbability index (AI) and the first-order molecular connectivity index ( 1 c) were employed, the é predicted log K om ù a D = experimental log K om -predicted log K om ; %error = ê 1 --------------------× 100 ú. ë experimental log K om û predicted log K om values were very close to those observed experimentally. Hence, these latter two parameters are better for predicting the adsorption behaviour of carbofuran than any of the others listed above in connection with equations (6) to (13).
